Nuclei isolated from green fluorescent protein-marked neurons in the cerebral cortex of juvenile mice (14 -21 d after birth) were injected into enucleated oocytes that were allowed to develop into blastocysts. Embryonic stem (ES) cell lines were established from the inner cell mass of 76 cloned blastocysts after injecting 2026 neuronal nuclei. Some ES cells were injected individually into enucleated oocytes (nuclear transfer). Other ES cells were transferred into the blastocoeles of tetraploid blastocysts (tetraploid complementation). Two-cell embryos after nuclear transfer were transferred to the oviducts of surrogate mothers. Four (1.5%) of 272 nuclear-transferred two-cell embryos developed to term, and two (0.7%) developed into fertile adults. Nineteen (1.9%) of 992 tetraploid blastocysts receiving ES cells reached term, and 10 (1.0%) developed into adults. These findings demonstrate that some of the nuclei of differentiated neurons in the cerebral cortex of juvenile mice maintain developmental pluripotency.
Introduction
Neurons in the adult CNS are terminally differentiated. They never divide during animal's lifetime except for some neurons in the olfactory bulbs and hippocampus (Gage, 2000; Temple, 2001) . This property may be associated with irreversible changes in the nuclear organization of the differentiated neurons of the CNS (Akhmanova et al., 2000) such as aneuploidy (Rehen et al., 2001) and DNA rearrangement analogous to that of the immune system (Chun and Schatz, 1999) . Eggan et al. (2004) and Li et al. (2004) recently reported the birth of mice cloned by the tetraploid complementation technique using terminally differentiated olfactory sensory neurons as the nuclear donor. This indicates that the nuclei of olfactory sensory neurons maintain developmental pluripotency. However, the peripheral neurons are distinct from the CNS neurons with regard to their origin and regeneration capacity (Graziadei and Monti Graziadei, 1983) . Previous experiments using neurons of the CNS for cloning have met with limited success. Although several cloned adult mice have been obtained using the nuclei of embryonic, differentiated neural cells (Yamazaki et al., 2001) , no live offspring have been cloned from the cerebral cortical neural cells of newborn animals by direct nuclear transfer to enucleated oocytes (Makino et al., 2005) . To date, no live offspring have been produced from the cerebral cortical neurons of adult mice (Wakayama et al., 1998; Osada et al., 2002) . Here, we report the production of fertile offspring from the cerebral cortical neurons of juvenile mice by first converting the neurons into embryonic stem (ES) cells, then injecting their nuclei into the cytoplasm of enucleated oocytes or transferring the ES cells into the blastocoeles of tetraploid embryos.
Materials and Methods
Mice. Vector plasmids carrying the Cre recombinase gene were constructed using an 8.5 kb fragment of pMM279 containing calciumcalmodulin-dependent protein kinase II␣ (␣CaMKII) promoter se-quences (Tsien et al., 1996) . Transgenic founder mice were generated by injecting the plasmids into the pronuclei of zygotes of C57BL/6 mice. Of three transgenic mouse lines generated, one (Cam-Cre) demonstrated the efficient expression of Cre protein in a forebrain-specific manner, as reported previously (Tsien et al., 1996) . Transgenic mouse lines in which the Cre gene was inserted into the endogenous Nex-1 gene (Nex-Cre) (S. Goebbels, M. Schwab, and K.-A. Nave, unpublished observations) and in which the green fluorescent protein (GFP) gene was inserted into the GAD67 gene in GAD67-GFP knock-in mice (Yanagawa et al., 2001) were obtained from Drs. N. Tamamaki and Y. Yanagawa (Gunma University, Gunma, Japan), respectively. CAG-CAT-enhanced GFP (EGFP) mice with the C57BL/6 background (Kawamoto et al., 2000) were backcrossed to DBA/2 mice. The second and third generations of backcrosses were used in this study. All mice were housed and used for experiments in accordance with standard ethical guidelines for the care and use of laboratory animals [National Institutes of Health Standards for Treatment of Laboratory Animals (1985) ], and this study was approved by the Animal Care and Use Committee of Osaka University. Preparation of donor cells. Donor cells were isolated from the cerebral cortex of Cam/CAG, Nex/CAG, and GAD67-GFP mice, which harbor Cam-Cre and CAG-CAT-EGFP alleles (Cam/CAG), Nex-Cre and CAG-CAT-EGFP alleles (Nex/CAG), and the GAD67-GFP allele, respectively (supplemental data 1, available at www.jneurosci.org as supplemental material). Cerebral cortices of the transgenic mice at 14 -21 d after birth were dissociated by vigorous shaking for 20 min in Neurobasal-A medium supplemented with B27 (Invitrogen, San Diego, CA) containing papain (12 mg/ml; Worthington, Lakewood, NJ) at 30°C. After several pipettings, the cell suspension was loaded onto OPTIprep cell separation reagent (Invitrogen) and spun at 1000 ϫ g for 15 min, according to the manufacturer's instructions. Neuron-rich fractions were collected and resuspended in Neurobasal-A medium supplemented with B27 before sorting.
Cell sorting. Resuspended cells were sorted by Epics Altra (Beckmann Coulter, Miami, FL) according to the manufacturer's instructions (supplemental data 1, available at www.jneurosci.org as supplemental material). Before each run, the accuracy of the sorting was verified with a flow-check fluorosphere (Beckmann Coulter).
Production of cloned offspring. Large cells (ϳ8 -10 m), cells with neurites, or both were selected as donors from the sorted cells. Apical dendrites were observed in some GFP-expressing cells, as shown in Figure   2 B. All selected cells were found to be EGFP Wakayama et al. (1998) . ES cells were established as described by Hochedlinger and Jaenisch (2002) , with minor modifications. Briefly, blastocysts that developed from the neuronal-nucleus-injected oocytes were grown on mitomycin C-treated embryonic BALB/cA fibroblasts in DMEM supplemented with 17.5% FBS and 1000 U ml Ϫ1 leukemia inhibitory factor (LIF). After ϳ7 d of culture, the expanded inner cell mass was trypsinized and cultured in DMEM with 17.5% KnockOut Serum Replacement (Invitrogen) and 1000 U ml Ϫ1 LIF. After several passages, cell lines with stable expansion were used for further analyses. The generation of mice by tetraploid complementation was performed as described by Nagy et al. (1993) .
Immunohistochemistry. Histological examination was performed as described previously (Osada et al., 1999) . Under anesthesia with avertin, mice were perfused transcardially with ice-cold 4% paraformaldehyde in PBS. Isolated tissues were then postfixed for 2-6 h in the same fixative. After equilibration in 25-30% sucrose in PBS, the tissues were embedded in OTC compound and frozen on dry ice. Sections were cut 5-12 m thick and mounted on glass slides. Some were cut 30 -50 m thick for the free-floating method. After blocking with 5% normal goat serum or serum of the species used for producing the secondary antibody, the sections were incubated with each of the following antibodies at 4°C overnight: rabbit anti-GFP (1:10 -200; Clontech, Cambridge, UK), mouse anti-Cre (1:4000; Chemicon, Temecula, CA), mouse anti-␣CaMKII (clone 3E11; a gift from Dr. T. Yamauchi, Ehime University, Matsuyama, Japan), mouse anti-NeuN (immunohistochemistry, 1:400; immunocytochemistry,1:100; Chemicon), mouse anti-GAD67 (1: 400; Chemicon), mouse anti-CNP (1:500; Chemicon), mouse anti-GFAP (1:200; Sigma, St. Louis, MO), mouse anti-microtubuleassociated protein 2 (anti-MAP-2; 1:100; Sigma), rabbit anti-neuronspecific class-III␤-tubulin [1:400; a gift from Dr. Y. Arimatsu, Mitsubishi Kagaku Institute of Life Sciences (Takiguchi-Hayashi et al., 1998)], and rabbit anti-Spot35/Calbindin-D28K [a gift from Dr. T. Yamakuni, Tohoku University, Sendai, Japan (Yamakuni et al., 1984) ]. Immunoreactivity was visualized with cyanine 3 (Cy3)-conjugated anti-rabbit IgG, Cy3-conjugated anti-mouse IgG, or biotinylated anti-mouse IgG donkey antibody (Jackson ImmunoResearch, West Grove, PA) with Alexa594-conjugated streptavidin (Molecular Probes, Eugene, OR). Nuclei were stained with TO-PRO-3 iodide (Molecular Probes). Immunofluorescence was examined using a confocal laser-scanning microscope (LSM Pascal; Zeiss, Oberkochen, Germany). Klüver-Barrera staining and the detection of acetylcholinesterase activity were conducted by conventional methods using paraffin-embedded sections.
Southern blotting and PCR typing. The EcoRI-NotI fragment containing EGFP cDNA from pEGP-N1 (Clontech) was used as a probe for Southern blotting (Kawamoto et al., 2000) . The PCR analyses were conducted according to the manufacturer's instructions (TaKaRa, Tokyo, Japan). The primer sets specific for the sequences of the CAG promoter, CAT gene, and EGFP gene were used as described previously (Kawamoto et al., 2000) . The simple sequence length polymorphism primer sets for PCR typing were prepared as described by Dietrich et al. (1992) . 
Results

Visualization of differentiated cortical neurons by fluorescence marking
To track neocortical neurons, we used the Cre/loxP-site-specific recombination system in vivo (Fig. 1 A) (Hoess et al., 1982) . In Cam/CAG mice harboring the CamCre allele and CAG-CAT-EGFP allele, the majority of the EGFP-expressing cells were pyramidal neurons (Fig. 1 B-L For additional experiments and to confirm the accuracy of this experimental strategy, we used another transgenic mouse line with neuronal EGFP expression driven by the endogenous promoter of the Nex-1 gene (Bartholoma and Nave, 1994 . GABAergic neurons were isolated from GAD67 GFP knock-in mice (supplemental data 1, available at www.jneurosci.org as supplemental material) by the strategy described above (Fig. 2 A) 
Generation of ES cell lines from the nuclei of cerebral cortical neurons by nuclear transfer
We generated ES cell lines from the blastocysts that developed from enucleated oocytes receiving the nuclei of GFPmarked (some were genetically marked) neurons (Fig. 2 A) . A minority (10 -15%) of the reconstructed oocytes that received the nuclei of pyramidal or GABAergic neurons developed into blastocysts in vitro (Table 1) . Six ES cell lines were established from 76 blastocysts derived from genetically marked neuronal nuclei (Table 1) . Of the six ES cell lines, four (Cam-1, Cam-2, Nex-1, and Nex-2) were marked permanently by EGFP driven by the CAG promoter (Fig. 2 D, E) . Cre-mediated recombination was confirmed in the ES cells derived from EGFP-expressing donor neurons by PCR and Southern blotting analyses (Fig. 2 F-H ) . Genotyping by PCR showed the excision of the loxP-flanked CAT gene in the established ES cells (Fig. 2G) . Southern blot analyses confirmed the presence of recombined alleles in all four ES cell lines derived from donor neurons in which the Cre-mediated DNA recombination had occurred (Fig. 2 H) . PCR typing showed the differential distribution of chromosomal segments of C57BL/6 and DBA/2 inbred strains in the ES cells, because CAG-CAT-EGFP mice were backcrossed to DBA/2 mice before their use in this study (data not shown).
Generation of cloned mice using ES cells derived from nuclear transferred oocytes
To generate mice from neuron-derived ES cells, we first transferred these ES cells into the blastocoeles of tetraploid blastocysts, a process called tetraploid complementation (Fig. 3A) . Using these ES cell lines (Cam-1, Cam-2, and GAD67-2), we obtained 19 pups (Table 2 ). All the embryos from the Cam-1 and Cam-2 ES cell lines expressed EGFP fluorescence in their bodies but not in their placentas (Fig. 3 B, C) . Embryos from the GAD67-2 ES cells expressed EGFP according to the endogenous Gad67 gene expression pattern (Tamamaki et al., 2003) . Of the 19 live-born pups we obtained, 10 grew into adults (Table 2) . We next injected the nuclei of the neuron-derived ES cells into enucleated oocytes. A total of four live-born pups were obtained, two from Cam-2 ES cells and one each from the Nex-1 and GAD67-2 ES cells ( Table  2 ). The Cam-2 and Nex-1 ES cell-derived embryos showed EGFP fluorescence in both the placenta and embryonic body (Fig.  3 D, E) . Of the four pups, one from the Cam-2 ES cells (Cremarked) and one from the GAD67-2 ES cells (GFP-marked without Cre) reached adulthood.
Phenotypes of mice cloned from neuronal nuclei
Of the pups generated from neuron-derived ES cells, six had open eyelids at birth (one from the Cam-1 ES cell line, one from Cam-2, and three from GAD67-2 by tetraploid complementation and one from Cam-2 by nuclear transfer) (Fig. 3D ). This unusual feature of the newborn pups was not transmitted to the next generation, when the cloned mice born with open eyelids matured and were naturally mated. No other unusual or abnormal phenotypes were noted in the animals cloned from cerebral neurons. Southern blotting analyses confirmed that the cloned mice possessed recombinant alleles identical with the genotypes of the donor ES cells (data not shown). Gross morphology of the brain was normal in all pups examined on the day of birth. Pups cloned from Cam-2 ES cells by tetraploid complementation showed GFP fluorescence in almost all their tissues, including the brain (Fig.  4 B) . Histological examination of the brain revealed no obvious defects in the laminar structure of the cerebral cortex in the cloned pups at birth. Immunohistochemical examinations showed that the neurons positive for the NeuN and GAD67 neuronal markers were normally distributed among the cerebral cortical neurons of mice cloned with the nuclei of Cam-2 and GAD67-2 ES cells ( Fig. 4C-H ) . The brains of three adult clones (two mice cloned from pyramidal neuronal nuclei and one from a GABAergic neuronal nucleus) were processed with Nissl with Luxol fast blue ( Fig. 5A-C) and acetylcholinesterase ( Fig. 5D-F ) staining. No obvious defects in the cytoarchitecture or cholinergic neural circuits were noted, although a slightly decreased acetylcholinesterase activity and weaker myelin staining were noted in one of the mice cloned from GAD67-2 ES cells by tetraploid complementation. Immunostaining using antibodies against MAP-2 (Fig. 5G-L) , GAD67 ( Fig. 5M-R) , and ␤III-tubulin (data not shown) to assess the dendritic formation, GABAergic neuronal distribution, and axonal projections revealed no obvious major abnormalities in the brains of the cloned mice.
Discussion
The successful cloning of various species of animals has been achieved using a variety of somatic cells from embryonic, fetal, and adult individuals (Wilmut et al., 2002) . The most common method of cloning thus far is the introduction of the nucleus of a single somatic cell into an enucleated oocyte, either by electrofu- Note that the embryo generated by tetraploid complementation expressed GFP fluorescence in embryonic tissues but not in the placenta (arrows). In contrast, the embryo generated by nuclear transfer showed GFP fluorescence in both the embryo and placenta (arrows). B, D, Bright field; C, E, UV illumination. Scale bar, 1 cm.
sion or mechanical injection, followed by stimulation of the oocyte to develop. Developing embryos at either the cleavage stage or morula/blastocyst stage are transferred to the oviduct or uterus of surrogate dams. Although surprisingly high success rates of cloning have been reported from time to time, the overall success rates (the proportion of live offspring developed from nuclear transferred oocytes) are a few percent or less in most cases, regardless of the animal species or cell type used for cloning (Wilmut et al., 2002) . In another cloning method, a cloned blastocyst is prepared first, then ES cells are prepared from this blastocyst, and several ES cells are transplanted into the blastocoele of a tetraploid blastocyst. Chimeric blastocysts thus prepared are then transferred into the uterus of surrogate dams. This is called tetraploid complementation. Interestingly, the tetraploid cells in a chimeric embryo disappear one by one, and by the time of birth, all or virtually all of the embryonic cells are of ES cell origin (Nagy et al., 1993) . The tetraploid cells contribute only to the extraembryonic tissues (placenta) in term fetuses. If a normal offspring is born after direct nuclear transfer (the injection of a particular somatic cell into an enucleated oocyte), we can say that the nucleus in question has developmental totipotency. When an offspring is born after tetraploid complementation, we can say only that the nucleus of the cell in question has pluripotency. In this study, we report that we could obtain normal live offspring by tetraploid complementation using the neurons of juvenile mice, indicating that these cells have developmental pluripotency. Because we also obtained two normal offspring from enucleated oocytes that received the nuclei of neuron-derived ES cells (one from a Cre-marked neuron, one from a GFP-marked but not Cre-marked neuron) (Table 2) , we can additionally say that some of the neurons we used had developmental totipotency. The reason we could obtain cloned offspring using neuronderived ES cells, and not by conventional nuclear transfer, is not clear, but it could be that the nucleus (genome) of donor cells has more chances to be reprogrammed from the differentiated state to the embryonic state while it is in the cytoplasm of preimplantation embryos and ES cells than when the nucleus of interest is transferred directly and only once into the cytoplasm of enucleated oocytes. In tetraploid complementation, several neuronderived ES cells are placed in the blastocoele of tetraploid blastocysts. Even if reactivation of genes contributing to placental development is defective in these ES cells, functional placenta will develop from the tetraploid cells. This is probably why tetraploid complementation yielded a higher rate of embryo development (1.0%) than did direct nuclear transfer (0.7%) ( Table 2 ). In direct nuclear transfer, the cell nucleus to be injected into an enucleated oocyte must be completely normal (genetically and epigenetically) with respect to the genes involved in the development of both embryonic and extra-embryonic tissue. It is conceivable that the embryonic genes in the donor neurons are more likely to be reactivated while the neuronal nuclei are within multiplying cloned ES cells than when they are in the inner cell-mass cells. The low efficiency of the development of neuron-derived cloned embryos raises the possibility that the cloned mice are derived from the nuclei of the relatively rare non-neuronal cells. Genetic marking has been used to characterize donor cells by GFP expression and retrospective genotyping (Eggan et al., 2004; Li et al., 2004) . However, the marking system used here cannot rule out the possibility that some of the postnatal day 14 (P14) to P21 GFP-expressing cerebral cortical neurons used as donors may not have survived to adulthood, that the Cam-Cre transgenic mice could produce misexpressed Cre protein, that the Nex/CAG or GAD67-GFP knock-in mice could show an unexpected expression of GFP in non-neuronal cells, or that EGFP diffusion into these cells may have resulted in a false-positive cell-count rate. The use of GAD67-GFP knock-in mice does not give conclusive evidence on the origin of ES cells established from this study (Li et al., 2004) . However, the characterization of the GFP-expressing cells with several neuronal markers revealed that the experimental strategy in this study allowed a more accurate assessment of the developmental potential of differentiated neurons than has ever been achieved for nuclear transfer analyses.
The variable differentiation potentials of individual neurons may affect the cloning success rate or even select for the few cells that can be reprogrammed. Recent observations revealed the epigenetic regulation of stochastic gene expression among individual neurons, which could help to explain the specification of neuronal circuit formation (Serizawa et al., 2003; Neve et al., 2004; Esumi et al., 2005) . Although the molecular mechanisms of the epigenetic reprogramming of somatic cell nuclei is primarily unknown, it is speculated that the variable epigenetic state of the nucleus of each neuron may affect the epigenetic reprogramming machinery, resulting in a distinction between the few neurons that can be reprogrammed and those that cannot.
This study showed the transformation of differentiated neuronal nuclei from juvenile mice into nuclei with developmental pluripotency. It is still unclear whether the nuclei of all the neurons in the CNS are reprogrammable and whether the nuclei of the more advanced neurons in adults can retain developmental totipotency. A better understanding of nuclear reprogramming will shed light on why neuronal cloning shows such low efficiency and may elucidate the biological causes of the restriction. The derivation of ES cells from a single neuronal nucleus will provide a biological tool with which to assess the relative contribution of epigenetic and genetic regulation as a novel approach to understand neuronal differentiation and physiology. 
